ABSTRACT: Studies in the Great Barrier Reef Lagoon (GBRL) show that Trichodesmium (OsciUatoria) spp. fix significant amounts of atmospheric nitrogen and that the loads of 'new' nitrogen introduced by 7'richodesm.um spp. are at least of the same order as those entering via riverine discharge. The elevated growth of other genera of phytoplankton and hence eutrophication in some sections of the GBRL could now be largely driven by the in situ production of this 'new' nitrogen. 7'richodesmium is more prolific in the Central GBRL than in the Northern GBRL and there is evidence that the concentrations of Trichodesmium spp. have increased since the 1928-29 Great Barrier Reef Expedition to Low Isles. It is hypothesised that this increase has resulted from increases in river borne nutrients that would promote N fixation (e.g. phosphorus, iron and dissolved organic matter). It is estimated that the loads of such nutrients have increased several fold since the development of the coastal catchments of Queensland. 
INTRODUCTION
The Great Barrier Reef Lagoon (GBRL) in this study refers to the shallow (c40 m) water body bounded by the mainland and the outer reef matrix of the Great Barrier Reef (GBR) (Fig. 1) . Trichodesmium spp. often dominate the microplankton (>20 p) community in the Central (off Townsville) and Northern (off Port Douglas/Low Isles) GBRL (Marshal1 1933 , Revelante & Gilmartin 1982 , Elmetri 1993 . Tnchodesmium blooms in the region have been implicated in direct smothering of corals and the promotion of the bioavailability of heavy metals (Endean 1976 , Jones 1987 ,1992 . Various workers have shown that Tnchodesmium spp. fix atmospheric nitrogen (Goering et al. 1966 , Carpenter & McCarthy 1975 . Carpenter & Price (1977) , using the acetylene reduction method (a sensitive measure of nitrogenase activity and hence N fixation), observed average N fixation rates of 0.077 pg N cell-' h-' in the Caribbean Sea and 0.033 pg N ceV' h-' in the Sargasso Sea. Data of Carpenter & McCarthy (1975) for the western Sargasso Sea show an average N fixation rate of 0.069 pg N cell-' h-'. They conclude that N fixation is the main source of N for T. thiebautii, the most abundant of the 3 Trichodesmium species identified in their Caribbean studies. T. thiebautiialso occurs in the GBRL but T. erythraeum is often dominant (Revelante & Gilrnartin 1982) . Bryceson & Fay (1981) have measured the acetylene reduction rate for T. erythraeum collected in the coastal waters off Tanzania (East Africa). From their results the mean value of the N fixation rate per cell is, assuming the conversion factor of 4:l and 100 cells per trichome (filament) (Capone 1993 , Carpenter & Capone 1992 , 0.095 pg N cell-' h-', which is in quite good agreement with the above-mentioned values for T. thiebautii. Higher values have been recorded for blooms in some coastal waters ; Carpenter & Capone (1992) suggest that a typical value is 1.5 pg N cell-' h-'.
Results from acetylene reduction studies with Trichodesmium erythraeum in the Northern and Central GBRL equate to (assuming a 4:1 conversion ratio, Capone 1993) a mean N fixation rate of 0.08 pg N cell-' h-' (Bell et al. 1993 
MATERIALS AND METHODS
Variation in standing crop of Trichodesmium at Low Isles. Trichodesmium concentrations were determined in surface samples (0.5 m) collected every 1 to 2 wk during 1992-93 at a sampling station located 3 miles east (Stn 3ME) off Low Isles, the same station used by the 1928 -29 Expedition (Marshal1 1933 , Orr 1933 . In addition to the regular sampling, 2 bloom events (30-31 October 1995 and 10 October 1997) were sampled to determine the cross-shelf and depth variation of the Trichodesmium standing crop. Depth samples were collected at 4 sampling stations (Stns 1 to 4) on a transect between Port Douglas and Low Isles, and also at Stn 3ME and at Batt Reef (Stn BR), using a 10 1 Niskin bottle. Trichodesmium concentrations were determined by filtering a preserved (Lugol's solution) 200 m1 sample through a graduated membrane filter (0.45 pm pore size) and counting the trichomes (filaments) retained on the filter using a normal compound/binocular microscope (X 100 magnification). This filtering method provides equivalent counts to the Utermohl settling method (Elmetri 1993) but is relatively quick in comparison with that method and does not require the use of an inverted microscope.
Variation in standing crop of Trichodesmium in Cleveland Bay (off Townsville). Stn I in Cleveland Bay (off Townsville) was occupied at approximately weekly intervals from September 1993 to January 1994. Water samples were collected from 0.5 m depth using a l 0 1 Niskin bottle. Several litres were filtered (0.45 pm pore size glass fibre filter) on-site for subsequent chlorophyll a analysis. The filters were stored in a cooler and frozen within 1 h of collection. Two 250 m1 samples were preserved on-site with Lugol's solution and were later analysed for Trichodesmium spp. using the above-mentioned filter method and for the other principal genera in the microphytoplankton using Utermohl's inverted microscope method.
Nitrogen fixation studies-Low Isles. Four series of experiments were completed. Series 1 and 2 were of 1 d duration only. For Series 1 and 2, water samples were collected from 1 m depth with a depth sampler from a station located 1 km north of Low Isles. Series 3 was undertaken over a 4 d period during a prolonged bloom event; samples were collected as for Series 1 and 2, from the same location. Series 4 samples were collected from the Anchorage at Low Isles, on 2 days immediately following Series 3. All water samples were collected at approximately 09:OO h and the incubations were generally conducted between 10:OO and 14:00 h.
The acetylene reduction method was used to estimate the N fixation rates (Stewart & Alexander 1971 , Mague et al. 1974 , Carpenter & McCarthy 1975 , Carpenter & Price 1977 , Bryceson & Fay 1981 , Capone 1993 per. Scrubbed acetylene, which had been carbide, was injected into each bottle using a gas-tight syringe to give an initial concentration of acetylene of at least 15 %.
A gas phase sample was extracted from each bottle at zero time using a gas-tight syringe and was analysed immediately for ethylene concentration using a Photovac 10s plus portable GC fitted with a photoionisation detector (PID). The bottles were incubated indoors at 25 * 1.5"C for 2 to 3 h in natural shaded sunlight. Gas samples were then extracted and analysed for ethylene concentration on the GC. The gas phases of several control blanks, i.e. bottles containing filtered sea water with added acetylene but with no added Trichodesmium, were also analysed at zero time and after the incubation period in order to determine the background ethylene concentration in the absence of any acetylene consumption by Trichodesmium. The bottle contents were gently removed at the end of each experiment and the average number of trichomes per colony and number of cells per trichome were determined by microscopic examination with magnifications up to x200. A conversion factor of 4:l was assumed in converting the ethylene production rates to N fixation rates (Capone 1993) .
RESULTS

Standing crop of Trichodesmium at Low Isles and in
Cleveland Bay
The seasonal variation of Trichodesmium spp. at Stn 3ME near to Low Isles during 1992-93 was compared with the corresponding data collected by Marshal1 (1933 Marshal1 ( ) in 1928 . This comparison suggests that there has been a significant increase in the standing crop of Trichodesmium spp. since 1928-29 (Fig. 2) . However, the difference is probably not as great as is indicated. The basic reason for this is that the centrifuge separation method used by Marshall tends to underestimate the concentration of Trichodesmium spp. in the surface samples (Elrnetri 1993) . Results from a number of comparative studies using both separation methods with samples collected between February and April 1993 show that the centrifuge method underestimates the average number of trichomes (T) by about 100%. Applying this correction factor to the 1928-29 data gives an annual mean of about The standing crop data for Stn 3ME support the hypothesis that there has been a significant increase in the standing crop (and hence productivity) of Trichodesmium spp. in the Northern GBRL since 1928-29. This is consistent with the increases measured for diatoms (x4 increase for 1992-93 annual aver- 
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Cyclical patterns in growth of phytoplankton
An estimated 15 X 106 t of Sediment, 77 000 t of N and 11 000 t of P are now exported annually from the coastal catchments of Queensland, i.e. some 3 to 5 times the estimated export loads from the pristine catchments prior to European development (Moss et al. 1992) . Overall, most of the loads of nutrients emanate from grazing and cropping lands, with only 11 % of the total coastal catchment of Queensland now being classed as pristine. Cropping lands have been identified as the main source of nutnents in the catchments bordenng the Northern GBRL and most of this development has occurred since the 1928-29 Expedition (Moss et al. 1992 , Bell & Elmetri 1995 . Much of the remote Far Northern Cape York region is classified as grazing land and the estimated export of nutnents from that region to the Far Northern GBRL is also of the order of 3 to 5 times the pre-European development loads. For this reason, and also due to the fact that water currents generally flow to the north from the more impacted Central-Southern region, no region of the GBRL could now be considered pnstine (Bell & Elmetri 1995) .
The cross-shelf distributions of Trichodesmium during the 2 bloom events (Figs. 3 & 4 ) , the existence of many short filaments and the measured N fixation rates demonstrate that Trichodesmium actively grows in the GBRL and is not sinlply blown in as a surface slick from the oligotrophic coral sea. This finding supports the hypothesis that the growth of Tnchodesmium is linked to the input of nutrients (particularly those that promote N fixation, e.g. phosphorus, iron and organic matter) from the coastal catchments (Howarth et al. 1988 , Rueter 1988 , Bell 1991 ). This hypothesis is further supported by the occurrence of relatively high concentrations of Trichodesmium in the Central GBRL (See Fig. 5 ), a region characterised by relatively high concentrations of dissolved reactive phosphorus, P-PO, (Revelante & Gilmartin 1982 , Bell 1991 . Indeed the results for Cleveland Bay equate to a seasonal The results for Cleveland Bay (Fig. 5) show a cyclical pattern for the occurrence of high concentrations of Trichodesmium and diatoms, with high chlorophyll a values sometimes correlating with the Trichodesmium peaks and at other times with diatom peaks. However, the results also show that high chlorophyll a values occur when neither Trichodesmium nor diatom concentrations are high, suggesting that other taxa (e.g. dinoflagellates and other flagellates) are responsible for the higher chlorophyll a values.
The current practice of some workers (e.g. Brodie et al. 1997 ) of neglecting chlorophyll a peaks over 1 pg 1-' in the assessnlent of annual/seasonal mean concentrations because they might be biased by the occurrence of 'episodic surface aggregations of Trichodesniium' is totally insupportable in light of these data and those of Revelante & Gilmartin (1982) which also show that high chlorophyll a values are often due to taxa other than Trichodesmium. Such practices preclude the use of such data in comparisons with annual/seasonal means of other workers both in Australia and from around the world who have not made such adjustments to their data Sets.
Our previous work (Bell & Elmetri 1995) and the work of others (Marshall 1933 , Revelante & Gilmartin 1982 have demonstrated the irnportance of wind as a driving force for promoting the growth of Trichodesmium and diatoms. Generally it has been found that highest concentrations of Trichodesmium occur during prolonged calm wind ( < I 0 knots) conditions whereas the highest diatom concentrations occur diiring windy ( > I 5 knots) conditions.
One possible scenario that explains these observations is that: (1) Calm weather provides the ideal physical/chemical conditions for Trichodesmium spp. (e.g. low turbidity, high light at depth, low availability of DIN). Such calm conditions would be conducive to bundle formation (which, as discussed below, appears to enhance N fixation) and would allow the Trichodesmium to optimise the incident light and nutrient supply through its buoyancy adjustment mechanisms. Under such calm conditions, competition for nutrients with other taxa, which tend to settle out (e.g. diatoms), would be rninimised and the resultant Trichodesmium blooms would eventually form large decaying slicks. (2) With the onset of wind, the dissolved nutnents pro-duced by the decaying slicks (e.g. DIN and P-PO,; see Borstad 1978 , Revelante & Gilmartin 1982 , Bell 1992 together with those released from the mixed-up sediments would provide ideal conditions for the now suspended diatoms. Even closer links could be involved, for example, Tnchodesmium can probably utilise organic P as its sole source of P and appears to require an external source of vitamin B12 (Yentsch et al. 1972 , Ohki & Fujita 1982 . Such substances could weil be supplied by the growth and/or during the bacterial decay of other taxa (e.g. See Yentsch 1963) . Method 1 Colony size and N fixation studies Previous studies (Bell et al. 1993 ) with Tnchodesmium erythraeum at Low Isles and Hamilton Island (in the Central GBRL) found the average number of trichomes per bundle was 18 and the average number oi cells per trichome was 62. These results and those from the present study suggest an overall cell/trichome ratio of about 60 for both of the common species of Trichodesmium in the GBRL. This finding and the finding that both species had essentially the Same average N fixation rate per cell (0.08 pg N cell-' h-') allow us to normalise the previously reported concentrations of tnchomes per unit volume, initially to cells per unit volume and, finally, to the amount of nitrogen fixed per unit volume per unit time.
The range and mean value of the N fixation rates determined for Tnchodesmium thiebautii (Table 2) are in general agreement with those found by several workers for Tnchodesmium spp. in other parts of the world (Carpenter & McCarthy 1975 , Carpenter & Price 1976 , 1977 , Bryceson & Fay 1981 , Carpenter & Capone 1992 . The observation that single filaments do fix atmosphenc nitrogen but at a rate far less than colonies supports the findings of previous workers who have shown that 'bundleness' or colony formation increases the rate of N fixation but is not necessary for N fixation (Carpenter & Price 1976 , Saino & Hatton 1982 . (Fig. 2) and other data as for the Central GBR results in an annual load of 0.09 t N km-'. Furnas et al. (1995 Furnas et al. ( , 1997 used Method 1 to estimate the amount of nitrogen fixed by Tnchodesmium spp. in the GBR in the Cairns region and for the Tully region of the Northern GBRL. These authors used literature values for the range of N fixation rates and Marshall's (1933) data for estimating the seasonal and annual mean concentration of Tnchodesmium. However, their estimated loads are some 40 times too high because they misinterpreted Marshall's data; they assumed that Marshall's counts were colonies per litre and multiplied Marshall's data by their assumed value of 40 trichomes colony-'. It is clear from Marshall's text that the reported 'threads' per litre are in fact trichomes (or filaments) per litre not colonies (or bundles). As Marshall notes, each 'thread' would contain on average about 80 cells. Fig. 2 compares Marshall's actual data with our 1992-93 results. If one were to compare our data with those presented by Furnas et al. (1995 Furnas et al. ( , 1997 one would be led to the impression that not much has changed with respect to Trichodesmium standing crop since 1928-29. However, as noted above, a companson of Marshall's data with our data suggests that a significant increase in the annual standing crop of Tnchodesmium (and hence in the amount of N fixed annually) has occurred in the Northern GBRL since the 1928-29 Great Barner Reef Expedition.
Method 2
This method requires both the average bloom concentration and bloom duration (Carpenter & Capone 1992) . The data of Revelante & Gilmartin (1982) sug-gest for the Central GBRL a mean bloom concentration of 25000 T 1-'and a bloom duration of 30 d. The data of Revelante & Gilmartin (1982) and our data for Low Isles suggest the occurrence of 4 blooms per year.
Using an average 12 h period of N fixation per day leads to a annual 'new' nitrogen input of 0.86 t N km-' of lagoon.
For 1993, the average bloom concentration in the Northern GBRL was about 6000 Tl-' (Fig. 2) . Using this concentration, and other data as for the Central GBRL, results in an annual load for the Northern GBRL near to Low Isles of 0.21 t N km-'.
Method 3
The first 2 methods are useful but, because they ignore the amount of fixed N needed to establish the standing crop of Trichodesmium, they probably significantly underestimate the amount of 'new' nitrogen fixed by Trichodesmium spp., particularly during short bloom periods. Also, Methods 1 and 2 require good estirnates of the seasonal variation in the N fixation rates and the depth and spatial variation in such rates-such data are generally not available. Method 3 relies on the assumption that all the cellular nitrogen in the Trichodesmium is denved from N fixation-as was concluded by Price (1977) and McCarthy (1975) . With this assumption and using a conservative value of measured nitrogen content, i.e. 50 pg N cell-' (Carpenter & Price 19??, Carpenter & Capone 1992) , the amount of 'new' nitrogen required to establish 4 blooms, with a mean concentration in the Central GBR of 25 000 T 1-', is 1.5 t N km-'. This annual load is higher than that predicted by Methods 1 and 2 but it is considered conservative because it ignores the amount of nitrogen fixed follo~ring the bloom and the losses of the standing crop, e.g. due to qrazing. In fact, the estimated load from Method 2 and Part of that from Method 1 should be added to that obtained by Method 3. It is important to note that if the bloom penod is short then Method 2 will give a relatively small value for the amount of N fixed, whereas Method 3 is unaffected by the duration of the bloom.
For the Northern GBRL near to Low Isles, assuming an annual bloom concentration of 6000 T 1-' and other data as for the Central GBRL, the annual load is 0.36 t N km-*.
Importance of N fixation
The loads of N introduced by T~chodesrnium estimated by al13 methods are at least of the same order as those discharged by the rivers (Fig. 6 ) . In estimating N Method 2
Method 3
Central GBRL Northern GBRL Fig. 6 . Cornpanson of the estirnated loads of nitrogen (N) introduced to the Central and Northern GBRL via nver discharge with those from Trichodesmium spp. using Methods 1 to 3 the loads it was assumed that: (1) the active growth region for the Tnchodesmiurn is 340 km long and 60 km wide in the Central GBRL; (2) the active growth region is 230 km long and 45 km in the Northern GBRL; and (3) the amount of N fixed per km2 vanes linearly over the Northern GBRL from that calculated for the Central GBRL to that calculated for the Low Isles region. The nver loads from the Central catchments (from Fitzroy to Herbert) and the Northern catchments (from Tully-Murray to Mossman-Daintree) are taken from Moss et al. (1992) . As noted above, the total N load introduced by Trichodesmium is probably best estimated by adding the loads obtained from Methods 2 and 3 and part of that from Method 1. If this is done, then the estimated loads of N introduced by Trichodesmium dwarf the loads from rivenne export.
